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ABSTRACT INTRODUCTION

Flip-chip plastic ball grid array (FC-PBGA) packages are
widely used in high performance components. However, &s di. . . . ) .
back is normally under tensile stress at low temperatures. th|gh /O density. Flip-chip plastic ball grid array (FC-PBE

paper presents a probabilistic mechanics approach toqbre&aCkages have better board level solder joint reliabititter

the die failure rate in the FC-PBGA qualification processe Thelectric; performance 'and Iower' cost than their ceramic sun
methodology consists of three parts: i) die strength teisigus part flip-chip ceramic bal_l_ grid array packages. H°We"e'f’
four-point bending (4PB) method,; ii) the radius of curvatur'" F_C'PBGA packages, silicon d|e_ IS attached ona .pl_aSt'C
(ROC) measurement of the assembled FC-PBGA at room telr%mmate_subs.trate by solder bump Jomts.. Underfill malasia
perature; iii) Finite element method (FEM) stress analyisis usually filled in the gap. between the dle.an_d. the substrate
the first part, a specially modified 3-parameter Weibull tiorc to pro.te'ct the solder Jom_ts for ‘better re“ab'“tY' _Afteha

is used to fit the 4PB die strength data. The three parametﬂ%jem”'ng process, the _d'e _and substrate are rigidly eond

of the Weibull distribution are used as the sole descripbn 2Nd NO interface delaminations and separations should be
the cracking characteristics for a specific die processandte present. A silicon die, with a coefﬁment 0 Ui expansi
analysis. In the second part, the measured ROC of FC—PBé TE) of 2.6 ppmiC, and a plastlc_ Igmmate substrate, V.V'th
at room temperature is used as a calibration input to determ TE from 15 to 25 ppnﬁC, are rigidly bonded by.a thin
the effective stress-free temperature of the FC-PBGA.Used a}ye.r.of underfill material. As a res ult of the CTE mismatch,
to overcome the difficulty caused by process-induced rej;idﬁlgr_nﬂcant thermal _stress occurs in the die and j[he_ substrat
stress and unknown material properties, e.g., viscoeigsthe du_nng thermal CVC"T‘Q- In the_component level re||a_1b|liast,
underfill and plastic substrate that are normally unavlarélabm's th.e”“"%' stress_|s the major cause of many failure modes
This effective stress-free temperature can be used in thesstmdUdmg die cracking.

analysis in the third part of the mentioned methodologyhts t In order to av_oid die cracking, ther_e are several measures ca
third part, FEM is used to calculate the die stress distidbut be taken. One is to reduce the tensile stress on the back of the

under most critical stage of certain qualification procasse di€ Py proper package design. For example, a metal lid can be
calculated stress distribution is combined with the Wadibiftdded on top of the die back using a layer of adhesive [1]. This

distribution parameters of die strength test to predictdtee MaY reduce the bending of die and even put the die in compres-
failure percentage. sive stress, which reduces die cracking risk. Adding a lid to

the FC-PBGA, adds cost to the device and also introduces two
KEY WORDS: Die cracking, Weibull, 4-point bend, proba-Mmore interfaces which may add delamination risk. Moreover,
bilistic mechanics, finite element method. cost reduction consideration is always a major driving dorc
for other remedies. In fact, process-related improvemargs
also effective to achieve a lower die stress, such as gigndin
NOMENCLATURE the die to change the thickness ratio of die and substrate [2]
The other aspect of avoiding die cracking from processedlat

Flip-chip packages have excellent electric performanak an

4PB: fc_>ur ppmt bending aspect is to maintain the silicon die at a high strength. The
FC: fl!p-ch!p , . theoretical strength of the die is about the order of theaili
FC-PBGA: fgp Ch'ﬁ %'aét"l:l ball gg?l_arrcay . s Shear modulus [3] [4], which is in the order of 100,000 MPa.
C4: ontrolled Collapse Ip Connection, aSQThe actual strength of the die falls down to hundreds of MPa.
referred as solder bumps o . .
C5: Controlled Collapse Chip Carrier Connec-This is commonly attributed to the existence of surface flaws
tion, also referred as solder balls or sphere3urface flaws create stress concentrations near the decsurf
CTE: coefficient of thermal expansion when it is under tension. The difference of the die strength
FEM: finite element method between ideal value and the actual values suggests thatither
CDF: cumulative distribution function a lot of room for process control to increase actual die gtfen
ANSYS: a general purpose finite element method soft- Silicon is normally brittle at the temperature interestéhe
ware which is commercially available stress at the stress concentration points caused by detatts

easily exceed the theoretical strength and therefore bitemak



. . . . F/2 F/2
die while the nominal stress is around a couple of hundre

of MPa. Surface scratches and edge chipping is sometin L2 L2
inevitable for specific processes and therefore die cracldn v - v
one of the major concerns in flip-chip package developmen x Neutral axis 1 w

To evaluate a certain process of die preparation and ens"ﬁ»_ _____________________________________________

that it is proper for flip-chip package, the die strength meas 4 o 'y \ X
b

ment is required. The die strength testing is usually cotatlic 7|
on bending test, such as the 4-point bending (4PB) test [

A recent work provides a methodology of failure prediction
using the 4PB-tested die strength and the finite elementodeth
(FEM)-calculated die stress distribution [6]. This papegoing Fig. 1. Schematic of 4-point bend die strength test.
to use the aforementioned methodology on FC-PBGA and

study how the dicing process control affects the die cragkin

risk. The real advantage of using Equations (1) and (2), is that
THEORY they can relate the tested die strength to die failure rate fo
die under complicated loading in packages. This includes th
As discussed in Reference [6], following the essence Weibgllowing aspects: 1) the die top in the 4PB test is under
presented in his hallmark paper [7], we propose the follgwininjaxial tensile stress and the die in FC-PBGA is under multi
Weibull cumulative density function (CDF) for die strengthaxial stress; 2) the 4PB only puts part of the die top under
measurement data: tension and the die top in FC-PBGA package has alm@to

F/2 F/2

1 " Gnom — 00\ A of its area under tension in most situations; 3) the die sta¢s
Pp=1-FExp {_F(E + 1) (0—) —5(4) its side edges and the portions of the 4PB between the inner
/ ) span and outside span (i.e., the/2 portions shown in Figure
with a stress area integral 1) also have contribution to the die fracturing probability
m during test.
S(A) = %/ <(Ul —00)H(o1 = UO)) From 4-point bending test data, we can determine the three
4 Tnom = 00 parameters ¢, oo andm. These three parameters are assumed
(02 — 00)H(02 — 00) \ ™ tq pe independent of th(_a stress state and sample geome_try.
+ ( J—— ) Finite element method is often used to calculate the die

m stress in FC-PBGA. The distribution of the three principal
+ <(03 JO)H(U3‘70)> dA (2) stresseso;, 0, and g3 can be calculated by FEM. Let's
Onom — 00 assume, for examplet,.,, = Max(o1) and use Equation
Whereo, is the cut-off stress which needs to be determined lfg) to calculated the stress-area integsald) for the die in
the data fittingir; is the unit area strength of the dig; ., is 2 specific package. Then, the die failure rate can be easily
the nominal strength of the die, usually the measured maxim@btained from Equation (1). In the above procedure, we have
stress at which the die failg?;is the failure probability of the used an essential postulation, which is that these thremgfitt
die; m is the Weibull modulusA is the die surface area undeParameters «;, oo and m) can fully characterize the die
tension;a is the unit surface area (1 nims chosen here); breaking process both in the 4-point bending test and in the
o1, 09, and o3 are three principa| stresseE; is the gamma ﬂlp'Chlp assembly and teSting application. Therefores itair
function; andH (o) is the step function, which is defined tot0 say that these three parameters are equivalent to a set
account for the fact that compressive stress normally does Af material property parameters to describe the die fractur

contribute to die cracking: process in terms of probabilistic mechanics. The contidiout
] of the stress distribution and sample geometry are takes car
H(o) = { L, !f >0 (3) of by the stress-area integral Equation (2). The probaicilis
0, ifo<0 mechanics methodology we are presenting here has separated

The three parameters;, oo andm are unknown and need tothe material aspect from the loading and geometry aspect of
be determined from the experimental data by data-fitting. the system. The material aspect is solely characterizedidy t
The basic assumptions we have made in Equation (1) dhéee fitting parameters of the Weibull function. The loagin
the following: (i) The material is isotropic and statistiya and geometry aspect is taken into account by the stress-area
homogenous which means the probability of finding a flalitegral.
with a given severity in a given surface is uniform throughou The stress-area integral Equation (2) seems complicated. |
the surface of the die. (i) Once the crack has initiate, it wiactually can be evaluated analytically in the 4-point beon-c
propagate without further increase in load, resulting acfure. figuration and reduced to an explicit closed-form exprassio
(i) The contribution a flaw makes to the failure probalyilaf In complicated stress states, such as in the FC-PBGA package
a loaded die is independent of the position of the flaw on tit@se, a numerical integration must be employed to calculate
die surface. (iv) The three principal stresses acting anerge the stress-area integral.
point contribute independently to the failure probabi[&y [8]. A schematic of the 4-point bending experiment is shown in



Figure 1. The die is under pure bending. The stress at the in
loading span is uniform. The material strength theory gthes Die
following simple relation [9],
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The strength of the die is calculated by Equation (4) when tl
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load is at the breaking point. The stress calculated by Emuat eaete. <
(4) is called the nominal stress,,,,. The detailed tensile stress @':‘“

distribution in a sample die under 4-point bending load &1
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o (die bottom surface in
nom the inner span
220n0m  (die bottom E)etween UF
o L inner and outer spans)
o(2,9:2) =9 2yonom  (die side within inner )
4xytgiwm ?c?igns?ide between inner Fig. 2. FEM mesh of an FC-PBGA with test nest. Contact
“I,w  and outer spans) and target elements are used between the nest and the sjbstra

. ) L which are not shown in the figure.
The principal stress components for the 4-point bendindigon

uration are simple. Only one component is non-vanishing and
the other two components are zero. Therefore, Equatiors(5) i The stress distribution on the surface of the die in an FC-
simply the principal stress expression, whictvis Plugging PBGA can be calculated by finite element method (FEM). In
Equation (5) in Equation (2), the stress-area integral aan the FEM stress calculation, the thermal loading conditisn i
evaluated. Since the thickness of the die is usually thin apglrly hard to justify. Most of the time, the underfill glass
the stress on the die side surfaces between the inner and otfhsition temperature, or sometimes the curing temperatu
spans is less than nominal stress, the contribution of thetfo js chosen as stress free temperature. Due to some incomplete
line in Equation (5) can be neglected for simplicity purposenformation about the package such as the unavailable UF and
Therefore, the evaluated stress-area integral for 4PBigest substrate Viscoe|asticity properties and other issues UK
1 curing induced strain, the aforementioned stress free ¢esnp

5(4) = (L1 + Ly)(b+ W) ture criterie} are somgwhat arbitrary. .In order to calcut_me

{L2W+bL1 (1 %o accurate die stress in the most critical condition during th

TTm ) + bLz} (6) product qualification process, we used experiment to atbsist
FEM calculation. This assistance is realized by measutieg t
It should be point out that in the evaluation of the streg®arradius of curvature (ROC) of the package at room temperature
integral, the areal is that under tensile stress. In order to begM is used to calculate a stress-free temperature catibrat
consistent with Equation (2 in Equation (1) should be also curve, which is consisted of assumed stress-free temperasu
the area under tension, whichds= (W +b)(L1+L2). Recall the horizontal axis and corresponding curvature as thécaért
that we have assumed the unit area= Imn??, Equation (1) axis. The measured ROC is used as a calibration input, tegeth
becomes with the FEM calculated calibration curve, to determine the
{ (1 >m <amm —00>m effective stress-free temperature. This determined ®ffec
1—Exp|-T(—+1 Znom 70
m of
(LQW + bl (1 0o ) n bL2):|
Onom

Unom

Py =

stress temperature can be used for further FEM calculations
7
1+m ™

to obtain the die stress at low temperature during religbili
test or in other severe conditions.
In Equation (7), the three parameters, oo and m are un- APPLICATION
known and need to be determined by the data-fitting procedureA practical example is presented here using the methodology
The 4-point bending die strength measurement can providescribed in the previous section. A flip-chip PBGA is elec-
data points ob,,,,, andP;. The parameters;, L, andW are trically tested at—40°C. The cold electrical test is conducted
defined by the experimental apparatus and samples. Therefon an automatic test handler. This particular handler uses a
Equation (7) provides the form of the fitting function tgoushing nest with a hole in the middle. The nest makes contact
determine the quantities;, oo and m, which may be used to the substrate and applies force to the substrate to make th
to describe the fracture behaviors of the sample dies. Ttee dBC-PBGA's C5 balls contacting to the pogo pin array in the
fitting procedure is described in Reference [6]. socket of the handler. To ensure reliable electric contatts
As long as the three Weibull parameters are determinbdndreds of the pogo pins to the C5’s, a significant amount of
by curve-fitting the 4-point bend strength data, these thrémce is applied through the nest.
parameters together with Equations (1) and (2), can be used tThe FEM mesh considering one quarter of the package
calculate the die cracking rate in FC-PBGA with similar dieand the nest is shown in Figure 2. The whole package can
under the same dicing condition. be represented by applying the proper symmetry boundary
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Fig. 3. Stress-free temperature calibration curve. Four €
sumed stress-free temperatures and their correspondiolg pe
age curvatures are plotted. A linear regression line is al
plotted. I

conditions. The top of nest is fixed. The pogo pin effec
is modeled by a uniform pressure exerting on the substre
bottom from below since the springs in the pogo pins are so

A general purpose FEM software ANSYS [11] is used t
model the problem. C4 solder bumps are neglected since tt
volume is much smaller than the UF and their plasticity an
creep make their contribution to die stress further nelgliégi
Previous study has shown that the C5’s contribution to d
stress also can be neglected due to plasticity and creep [1
8-node solid elements are used. The nest and the subst .
are modeled as a contact pair. 4-node surface-to-surface
formable contact elements and target elements are used
model the contact behavior. Friction between the nest aad 1
substrate is also considered.

In order to count in the viscoelastic effect of the UF ani
the substrate in addition to other unknown factors, thesstre
free temperature calibration curve is calculated first. His t
calculation, only the thermal load is applied, and the tegig. 4. The three principal stress components on die surface
nest is not considered. The final temperature is set to be tfige stress distribution is calculated at -40° C cold testcivh
room temperature (2€C). Several assumed initial or stress-freghcludes the mechanical load caused by test nest and pogo
temperatures are used to calculate the corresponding g&ckins. The stress unit is in MPa.
curvature at room temperatures. Figure 3 is the results avith
linear regression curve.

The package curvature at room temperature is measured(®y) and secondd,) principal stress components. The third
a laser profilometer. The average curvature of the FC-PB@A;) principal stress is near zero on the die top. The slight
is 1.081 (1/m) over 30 samples. Using the calibration cumve difference ofo; ando is due to the rectangular shape of the
Figure 3, the effective stress-free temperature can bdlyeadiie.
determined and found to be 11 The contact pressure distribution on the test nest is jpldtte

The stress of the FC-PBGA package-at0°C is calculated Figure 5. Itis evident that the pressure between the neshand
by FEM. The stress-free temperatdi® °C is used as an input substrate is not uniform. The pressure is higher near therinn
for the thermal load. The mechanical contact effect betweedge of the nest. This can be understood by considering that
the test nest and the substrate is also considered in thus stbe pogo pin array is fully populated underneath the bottom
Figure 4 shows the three principal stress components on tifethe substrate and the nest only pushes on the substrate on
surface of the die. The die top is nearly under biaxial sireghe peripheral. The force balance requires that the totakfo
which is manifested by the similar distributions of the firstrom the pogo pin array and the nest must equal. The force
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Fig. 7. Die strength tested by 4-point bend in an un-corecl|
Fig. 5. The contact pressure at the contact surface of tiocess (Process B). The nominal die stress is the stress at
High pressure near the inside edge indicates the nest flexiich the die breaks. The dots are experimental data points.

substrate during the cold test. The pressure unit is in MPa.The solid line is a curve fitting of the experimental data gsin
Equations (7) and (8). The best fit turns out thgt= 0 for

1€ the 3-parameter fitting function. Two parameters are sefiici

o to characterized the die strength of this process.
= C
% oal 5
é 0.1 E 3 One is by Equations (7), which consider the multiaxial dffec
S s of the stress and three parameters. The other scheme uses the
o [ . . traditional 2-parameter Weibull function Equation (8):
2 /o o Experiment
5 0.01¢ ] o m
:E’ F . - - 2-parameter fit P;=1-Exp [_ (%) } ®)
3 i ' — 3-parameter fit !

0001 iy doopee vy The curve fitting procedure is a least-square best fittindchvh

is detailed in Reference [6]. In Figure 6, the 2-parameténdjt
0 100 200 300 400 500 600  ang 3-parameter fitting are significantly different in thevlo
4-Pt Bend Die Stress (MPa) stress end. The 2-parameter fitting (dashed line) over gsedi
the failure rate comparing to the 3-parameter fitting (slitie).
However, in Figure 7, we started with the 3-parameter fifting
Fig. 6. Die strength tested by 4-point bend in a well-coml anq the least square fitting procedure turned out to have a
process (Process A). The nominal die stress is the stres$&tt fit with a zero cut-off stressy, = 0. The 2-parameter
which the die breaks. The dots are experimental data poirdgq 3-parameter fitting procedures produced the same fitting
The solid line is a curve fitting of the experimental data gsincyrye, which is shown as the solid line in Figure 7. The fitting
Equations (7). The dashed line is a curve fitting using Equati y3rameters are listed in Table 1. It should be noticed that,
8 although Equations (7) and (8) produce the same fitting curve
in Figure 7, the fitting parameters are different and they are

shown in Table |. The predicted failure probabilities witer

distribution makes the package experience a flexure momest. oved to be different for zero cut-off stress as shown in
In addition to the warpage generated by the thermal mismatghlpie 1.

the nest is pushing on a convex surface. This makes the ¢ontagyce we have the stress distribution of the die surface and

pressure dlstrlbut.lon |ntg|t|vely understandable. _ the die strength Weibull distribution parameters, o, and
_The FEM-predicted die stress can be used to predict the yhe siress area integral Equation (2) can be calculated and
die failure rate. It was found that tr_le die strength is sthPNGpnance the die failure probability through Equation (1) can b
dependen_t on the process, esp,eC|aIIy Fhe dicing control. 4@yermined. If we take a closer look of Equations (1) and (2),
order to illustrate this point, lets consider two batches Qne nominal stress,,,,, actually does not contribute to failure

die for the same package. The first batch is produced by,@hapility. It is more convenient to re-write Equations &hd
well-controlled process (Process A) and the second is by @ as the following two equations:

uncontrolled process (Process B). 4-point bend die sthengt
i itti iven in Fi . 1 "1\ s(A
data and Weibull fitting curves are given in Figures 6 and 7 Pr—1- Eup [—F (E N 1) ( ) s( )} ©)

In Figures 6 and 7, the test data are fitted by two schemes. g_f a




TABLE |
Fitting parameters of the die stress data of Process A anteBsdB. The stress-area integral Equations (10) and (11) for
3-parameter fitting is also listed in the table.

Procesy Fitting m or (MPa) oo (MPa) s(A) (MPa™xmm?)

AJEgs. (7, 9,10) 2.827 1086.9 112.9 2.2q10*

AJEgs. (7, 9, 11) forcingrg= 0  4.257 996.2 0 2.12210'

AJEq. (8) 4257  455.6 0 N/A

B/Egs. (7, 9, 10) 2.364 1745.2 0 2.7780°

B/Eq. (8). 2.364 3744 0 N/A
TABLE 1

Die failure rate at-40°C cold test for the two processes. Process A is a well-cdattqgirocess and Process B is an
uncontrolled process.

Process ID 3-para, Egs.(7, 9, 10) Eqgs.(7, 9, 11), forcing o =0 2-para., Eq. (8)

Process A  4.2910°7 0.24% 0.54%
Process B 4.4% 4.4% 8.0%
and corresponds t8.4 x 10~ failure. For the same process, if the
m 2-parameter fitting is used, the failure rate is 0.54%, which

s(A) = / [(01 = 00) H (01 = 00)] is not acceptable for volume production. The third impartan
A point is that even with multiaxial stress and stress digtiin
+ [(o2 —00) H (02 — 00)]™ included, if only two parameters are considered, the failur
+ (03 —00) H (03 — 00)]™ dA (10) rate is still several orders over-predicted, which is shamwn

] ] the middle column of Table Il for Process A.
The actual computation of the stress-area integral Equatio Actually, for Process A, no die failure was found in the

(10) was carried out in the postprocessing of the ANSYS,no¢ cold electric test for a sample size of about 2000. This
FEM result. The numerical integration routine is implenght .qfirms that the process A is a robust process. At the same
using ANSYS's "ANSYS Parametric Design Language”. Ifime it also validates that the 3-parameter Weibull fuorcti
calculation ofs(4), contributions from all 6 surfaces of theqqnsigering multi-axial loading and stress distributiermiore

die are considered. The calculatef4) is listed in Table 1 |o4)istic than the traditional 2-parameter Weibull fuoativith-

together with the Weibull parameters. _ out considering multi-axial stress effect and stress idistion.
In Table I, for process A, two stress-area integrals are

tabulated. One is calculated by Equation (10) the other is CONCLUSIONS
calculated the Equation (11), which corresponds to theditti . o . .
parameters forcing,=0 during the fitting process. This helps, A 3-parameter Weibull distribution cumulative density €un

us to investigate the effect of stress contribution and irauial g%ntXLm _I'_i.ge;”S:anﬁoi/vper.id'Ift]'cngctpgndg;'a:'Itégen?;grlsn -kl):oct:h
stress without the 3-parameter effect. - IS Spec DUl tunctl '

multi-axial stress and stress distribution. The distiiutis
s(A) = / (o1 H (00)]™ + [o0 H (02)]™ + [o5H (03)]™ dA used to curve-fit the die strength data obtained from 4-point
bend test. The newly devised Weibull CDF is applied to
(11) FC-PBGA die failure prediction. It provides more aggressiv
Die failure rates are tabulated in Table Il. In the 2_par$‘netand realistic die failure predictions than traditional i
fitting Equation (8), the nominal stress uses the maximufnction, which does not consider the multi-axial stresd an
value of the first principal stress on the die top, which is.880 stress distribution. The application example also shoves th
MPa in the—40°C cold test scenario. For the result of Tablglicing control contributes significantly to the die cradkirate
I, three points are evident. The first is that the die striengtor FC-PBGA under harsh testing conditions. A robust FC-
and hence the die failure rate are strongly process-depend€BGA die dicing process, which meetsos” quality control
The second is that the traditional 2-parameter Weibull fionc 'e€quirement, is demonstrated.
Equation (8) (without considering the multi-axial stressla
stress distribution) gives much pessimistic predictiofke ACKNOWLEDGMENTS
newly proposed 3-parameter Weibull function consideriathb  Contributions of Dr. Yifan Guo, Betty Yeung, Zane Johnson
multi-axial stress effect and stress distribution prodgucrich on the initial set-up of 4-point bend fixture and helps of Dr.
realistic perdition. For example, in Process A, the dieufel Thomas Koschmieder during the die strength tests are greatl
rate is about 0f4.29 x 10~ 7according to the 3-parameterappreciated. Special thanks go to James Guajardo and Trent
Weibull fitting. This is better than a6&” process [13], which Uehling for flip-chip assembly support. The author wouldals
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